Coal fly ash is an industrial waste generated from the thermal power plant and a large amount of it could be produced annually in the world, which can cause serious environmental problems. Reutilization of coal fly ash could be imperative to alleviate the environmental pressure. Thus, in the present study, coal fly ash was used as silicon source for the synthesis of calcium silicate hydrates (C-S-Hs) though the desilication process. Two kinds of C-S-Hs was synthetized at 100°C and room temperature respectively, with the fixed Ca/Si molar ratio of 1.2, and adopted as the adsorbents for phosphate. The properties of them were characterized using XRD, SEM, FTIR, TG-DTA as well as surface area and pore analysis. Compared to C-S-H synthesized from high temperature, the C-S-H obtained at room temperature possessed high purity and larger surface area. Therefore, synthesis by agitation at room temperature could be an alternative method to produce C-S-H materials from desilication liquid of coal fly ash, and this could save infrastructure cost and energy consumption. Both C-S-H materials have good ability to immobilize phosphate pollutant (higher than 100 mg·g -1
Introduction
Coal fly ash is a byproduct produced from thermal power plants, and every year a large amount of it is generated due to the world's reliance on coal-fired power generation [1] . Therefore, disposal of coal fly ash has been a serious problem all over the world. Reutilization of fly ash could be a good way to make a balance between economic and environmental benefits. It has been explored for various applications including cement additive, road base construction, soil amendment, zeolite and geopolymer synthesis [2] . However, there are still large amounts of coal fly ash disposed in landfill or ash pond. Thus, to develop new recycling methods for coal fly ash is becoming imperative. In recent decades, more efforts have been made to the exploration of extracting aluminum from coal fly ash which contains a very high content of aluminum (usually 40-55%) [1, 3] . For this purpose, the process of pre-desilication is normally designed in order to reduce the silica content and the consumption of sintering mediums [4] . Thus, a considerable amount of waste liquid is generated in this process and still not effectively handled. Currently, the disposal of silicon-rich desilication liquids occurs to be a critical problem. The high-valuable utilization of waste liquids could be of great economic benefit as well as environmental significance. Calcium silicate hydrate (C-S-H) is the main content of cement hydration products. Importantly, it has much potential for environmental applications [5] [6] [7] [8] . Thus, the desilication liquid could be a good silicon source for C-S-H synthesis, and this is also quite possible way to the effective utilization of desilication liquid [9, 10] .
Phosphorus (P) is an essential element for cellular metabolism of all living organisms and also an on-renewable and irreplaceable resource [11] . However, eutrophication of surface waters has led to serious environmental problems, which is mainly caused by excessive inputs of P from industrial or urban sewages [12] . Hence, P removal from wastewater before discharge has to be considered to protect natural water from eutrophication. Currently, various technologies including biological, chemical, and physical treatments have been proposed to remove P from wastewater [13] . Among these technologies, struvite (MgNH 4 PO 4 ·6H 2 O) and hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) crystallization are the two feasible methods for P recovery from wastewater [14] . Generally, struvite crystallization requires high concentrations of ammonium and magnesium ions, and has been applied to P recovery from an aerobic sludge digestion liquor in fullscale wastewater [15] . However, the obtained struvite cannot be used for phosphate chemical industry. As for hydroxyapatite, it can be used as the source for fertilizer production and phosphorus chemical industry. Furthermore, Zhang et al. [16] recovered the phosphate from wastewater by C-S-H and then adopted the P-riched hydroxyapatite to remove lead from aqueous solution, showing good performance. Thus, hydroxyapatite has more versatile applications in the manufacturing industry. On the other hand, C-S-H has been considered to be the promising materials for P removal and recovery [17, 18] . Zhang et al. [19] showed a good performance of P removal (109 mg/g) using synthesized C-S-H at room temperature. Li et al. [20] studied C-S-H adopted for immobilization of P in lake sediment and concluded that C-S-H could largely reduce the potential risk of P release from sediment. There are also other reports indicating that C-S-H has good immobilization ability for phosphorus [17, 21, 22] . Many C-S-Hs are synthesized from the natural siliceous substances or solid wastes, such as natural shale [17] , carbide residue [23] , slag [24] , biomass ash [25, 26] etc., which could make full use of these natural minerals or wastes. However, there are few reports focusing on P removal and recovery using C-S-H synthetized from desilication liquid of coal fly ash. Therefore, in the present work, the desilication liquid was obtained from alkali dissolution of coal fly ash, and used as raw material to prepare C-S-Hs. Two kinds of C-S-Hs were respectively synthesized at high temperature and room temperature. The properties of them were compared using XRD, FTIR, TG-DTA as well as specific area and pore distribution. The P sorption performance of both C-S-Hs was also compared and evaluated. Furthermore, the mechanisms of the immobilization process of P were discussed and speculated.
Experimental

Materials
The coal fly ash used in this study was collected from a thermal power plant in China. Fig. 1 shows its XRD pattern collected on a Rigaku Ultima IV XRD (Akishima, Japan): Cu Kα (40 kV, 40 mA) with a Ni filter at a scanning speed of 2° min -1 and scanning step of 0.02°. An indistinct swell peak appeared in the angle from 20° to 30°, which indicated the existence of the amorphous substance in fly ash. There were also crystal minerals including quartz, mullite and magnetite. The specific desilication process was as follows: 20 g coal fly ash was blended with 200 g 20% NaOH (solid to liquid mass ratio: 1:10) in a Teflon beaker. Then, the mixture was stirred and reacted for 2 h at 100°C. Thereafter, the mixture was cooled down to room temperature, and desilication liquid was obtained through a filtering process. The concentration of Si in this liquid was 9.65 mg/mL with impurities including Al (0.39 mg/mL), Ca (0.14 mg/mL), Mg (0.02 mg/mL) and Fe (0.17 mg/mL).
Preparation of C-S-Hs
To prepare C-S-Hs, two groups of 80 mL desilicationliquid were taken and reacted with 7.8102 g Ca(NO 3 ) 2 ·H 2 O (98.6%, Wako) where the ratio of Ca/Si was 1.2. One group of experiments was reacted at 100°C with the stirring speed of 400 rpm for 2 h and aged for another 18 h at the same temperature. The other reaction was put at room temperature with the agitation of 400 rpm for 7 d and parafilm was used to seal the beaker in order to avoid the contamination of carbon dioxide. After finishing the reaction process, both of them were washed using pure water until pH was lower than 10. The drying process was conducted in a vacuum dryer for 24 h and then solid powders were stored in glass bottles.
Sorption test
Removal of phosphate in solution was conducted to evaluate the sorption performances of the synthesized materials. Disodium hydrogen phosphate (Na 2 HPO 4 , 99%, Wako) was used to prepare simulated phosphate wastewater. The sorption performance of the sorbent was evaluated by mixing the solids (50 mg) with test solution (50 mL) with P concentration of 200 mg/L for upto 24 h at 400 rpm. The sorption tests were conventionally performed at 25°C and initial pH of 7.0. The solutions were collected at different intervals including 5, 10, 20, 30 min and 1, 2, 3, 4, 5, 12, 24 h with the help of 0.2 μm filter to remove fine particles. The sorption capacity q e (mg/g) was calculated using the following equation:
where C o and C e (mg/L) are the concentrations of the solution at the initial and equilibrium stages, respectively. V (L) is the volume of the test solution and M (g) is the mass of the used sorbent. Accordingly, sorbents after sorption at different intervals were collected and dried under vacuum, then subjected to XRD and FTIR measurements to confirm structural changes upon sorption time.
Characterizations
The concentrations of the elements including P, Ca and Si were determined using an inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer, Optima 8300, US). XRD patterns of C-S-Hs and solid residues after P sorption were collected on a Rigaku Ultima IV XRD equipment as described above. Morphologies of C-S-Hs were observed by a VE-9800 SEM (Keyence, Osaka, Japan) with 20 kV acceleration voltages. TG-DTA (2000 SA thermal balance, Bruker, Germany) was used to determine their thermal properties with the α-Al 2 O 3 as the reference material. Heating rate and airflow were 10°C/min and 100 mL·min -1 , respectively. The specific surface areas and pore size dissolutions of C-S-Hs were calculated according to the Brunauer-Emmett-Teller (BET method) and Barrett-Joyner-Halenda equations (BJH method) respectively, based on the N 2 adsorption-desorption curves which were measured on a high-precision surface area and pore size distribution analyzer (BEL-Max, BEL, Japan) at -196°C. Pre-treatment under vacuum at 100°C for 15 h was conducted in order to remove adsorbed gas and water. The FTIR spectra (400−4000 cm −1 ) were recorded by an FTIRspectrometer (JASCO 670 Plus, Japan) with a resolution of 4 cm -1 using samples diluted by KBr.
Results and discussion
Characterizations of synthesized materials
Fig. 2 presents XRD patterns of C-S-Hs synthesized at different temperatures. Both of samples exhibited clear diffraction peaks at 29.3°, 32°, 49.8° and 55.1° which were well consistent with standard peaks of C-S-H [27] , suggesting successful formations of C-S-H. For C-S-H obtained at a high temperature (HTC-S-H), hydroxycancrinite was also formed. Differently, the C-S-H synthesized at room temperature (RTC-S-H) presented almost pure phase. It can be known that the crystallinity of HTC-S-H was higher than that of RTC-S-H judged from the intensities and width of diffraction peaks. Therefore, high temperature could promote the reaction speed of C-S-H formation, but meanwhile, impurities would be generated. Generally, heating at high temperature is a common method to produce C-S-H [28, 29] . However, from the view of engineering application, RTC-S-H is a more promising material for environmental applications because much more energy could be saved when synthesized at room temperature than that of heating at high temperature. In addition, SEM images of them are shown in Fig. 3 . More folds exhibited on the surface of HTC-S-H, and the open framework structure could contribute to a large surface area and pore volume to which adsorbents were readily accessible. However, RTC-S-H seemed to be more solid, and the particle size was smaller than HTC-S-H. This could be due to the fact that C-S-H is the main content of cement hydration product and the degree of polymerization of RTC-S-H might be higher than HTC-S-H [30, 31] . N 2 adsorption-desorption isotherms of C-S-Hs were conducted and presented in Fig. 4 . The two materials exhibited the typical nitrogen adsorption-desorption isotherms of calcium silicate hydrate. The steep rise at low relative pressure (P/P 0 < 0.01) corresponded to the filling of microstructure, while the hysteresis loop at relative pressures of P/P 0 = 0.4-1 reflected the existence of mesopores. The BET specific surface areas and average pore sizes of HTC-S-H and RTC-S-H were 56 m 2 /g; 33 nm, 64 m 2 /g; 29 nm, respectively. RTC-S-H had larger surface area than HTC-S-H, which could be attributed to the presence of more micropores.
TG-DTA curves for the materials are given in Fig. 5 . It can be seen that each curve consisted of two zones. Generally, the dehydration of C-S-H happens between 100 and 300°C, and the surface adsorbed water is mainly removed below 100°C [32] . Thus, the exothermic peak appeared between 50 and 200°C. Compared to HTC-S-H, the weight loss of RTC-S-H below 100°C was higher, which was mainly because RTC-S-H contained a larger amount of free water than HTC-S-H. On the other hand, HTC-S-H contained impurities and this could also be a possible reason for its less weight loss. Another zone between 800 and 850°C was attributed to the formation of β-wollastonite (Ca 3 (Si 3 O 9 )), which was an endothermal reaction [32] .
FTIR spectra of synthesized materials are shown in Fig. 6 . The peaks at 3468.17 cm -1 and 3452.13 cm -1 could be attributed to the stretching and bending vibrations of OH group [33] . The peaks at 1654.14 cm -1 and 1657.72 cm -1 were assigned to the-OH bending vibration of hydroxyls or molecular H 2 O. The strong bands at around 984 cm -1 were asymmetrical stretching vibrations of O-Si-O. The deformation of Si-O-Si structure was represented at around 470 cm -1 and symmet- The inset shows the corresponding pore size distribution curves determined by the BJH method using adsorption isotherms. rical vibration of Si-O-Si located at around 680 cm -1 [34] . The spectra of the two C-S-Hs presented almost the same positions in the peaks discussed above [35, 36] . Therefore, it can be deduced that the basic frameworks of HTC-S-H and RTC-S-H were similar. On the other hand, the bands at 1441.34 cm -1 and 1442.53 cm -1 are characteristic bands assignable to antisymmetric stretching vibrations of-CO 3 and the peak at 867.70 cm -1 belongs to its out-of-plane deformation vibration. These peaks can be obviously found in the spectra of HTC-S-H and RTC-S-H, which suggested that both C-S-Hs were easily contaminated by carbon dioxide.
Phosphate removal
The sorption of phosphate onto C-S-H vs. time is presented in Fig. 7 . A sharp increase in sorption capacity (q e ) was observed during the first 30 min for both C-S-H compounds, and then the P sorption amounts lowly increased even after 6 h. The maximum sorption uptake of HTC-S-H in 24 h was determined to be 108 mg·g -1 , which was a little bit larger than that of RTC-S-H (102 mg·g -1 ). Generally, Ca 2+ sites embedded in the C-S-H network served as active sites for binding phosphate ions [22] . In the current study, RTC-S-H possessed larger surface area than HTC-S-H, which implied that more Ca 2+ sites should exist on the surface of RTC-S-H. However, high phosphate sorption capacity occurred in the case of HTC-S-H. Thus, the mechanisms of phosphate removal process using C-S-H materials might be not only Ca 2+ sorption. Even though it played an important role in the immobilization of P. The amounts of released Ca 2+ and Si
4+
from both C-S-Hs in the absence and presence of phosphate were compared (Fig. 8) . In the absence of P (Fig. 8a) , both C-S-Hs released a certain amount of Ca 2+ and Si
. Under the same condition, more Ca 2+ and Si 4+ were released from RTC-S-H. When in the presence of P (Fig. 8b) , all of Ca 2+ participated in the phosphate immobilization process because there was almost no Ca 2+ in the solution. At the same time, more Si 4+ was released from HTC-S-H. It seemed that more phosphate was sorbed onto HTC-S-H, which showed positive correlation with the released Si
. Thus, the relationship between released Si 4+ and removed P was studied, shown in Fig. 9 . For both C-S-H materials, approximately linear relationships were shown in the amounts of released Si 4+ and removed P, which suggested that phosphate anion may replace silica tetrahedron in the structure of C-S-H, as literature [37] proposed. Therefore, phosphate removal process using C-S-H materials should include the process of calcium precipitation and silica tetrahedron replacement.
XRD patterns of solid residues of both C-S-H materials collected at different reaction times were examined (Fig. 10) . The intensities of C-S-H peaks for both C-S-H adsorbents became lower with the increase of reaction time. Meanwhile, the formation of hydroxyapatite could be obviously observed in XRD pattern of solid residue collected after 24 h reaction. In the case of HTC-S-H (Fig.  10a) , there was still hydroxycancrinite existed in the solid residue after 24 h reaction, which implied that it did not take part in the phosphate removal reaction. A new phase belonged to jaffeite (Ca 4 (Si 3 O 7 )(OH) 6 ) which was a kind of hydrated calcium silicate appeared after 0.5 h reaction, then the peak gradually disappeared with the increase of sorption time. This might be because the new phase was formed after HTC-S-H released excess Ca 2+ and Si 4+ and then destroyed by phosphate exchanging with silica tetrahedron. A similar situation occurred in the case of RTC-S-H (Fig.  10b) . Another kind of hydrated calcium silicate (Jennite, Ca 9 Si 6 O 18 (OH) 6 ·8H 2 O) was formed and it existed during the whole reaction in a small amount. From the XRD analysis, the peak of hydroxyapatite did not appear until the sorption time reached up to 24 h. Thus, adsorption, precipitation and phase transformation should be included in the phosphate removal process by C-S-Hs. In addition to XRD analysis, FTIR was used to characterize these solid residues, shown in Fig. 11 . FTIR spectrum of the reference sample shows characteristic bands of phosphate occurring in v 1 -963 cm -1 , v 3 -1036 and 1095 cm -1 , v 4 -568 and 600 cm -1 [38] . With the increase of sorption time, the peaks signified by dotted line changed gradually for both C-S-H adsorbents, which was in agreement with XRD analysis. Combined with the analysis of sorption results, phosphate could be sorbed on the C-S-H within a short time. The FTIR spectra showed a fuzzy peak at the position of the green dotted line in 0.5 h. However, there was no big difference between the XRD patterns of solid residue collected at 0.5 h and original material. This situation was maintained until the sorption time of 12 h for HTC-S-H and 5 h for RTC-S-H. There had been a broad peak corresponding to hydroxyapatite when the sorption time was 12 h in the case of RTC-S-H. The different changes in XRD could be due to the fact that the crystallinity of HTC-S-H was higher than RTC-S-H, which indicated that the structure of HTC-S-H was more stable than RTC-S-H. This led to the lower sorption amount of P using HTC-S-H than RTC-S-H within the initial 1 h reaction. The removal of P using Ca-based materials has a close relationship with particle size, phase structure, etc. of used materials [39] . Small particle size can improve the speed of releasing Ca from solid, so the crystallization rate would be faster in the initial reaction stage. Referring to the large particle size, it can promote the crystallization rate in the later stage. This is consistent with the characterizations and sorption results.
In terms of phosphate immobilization mechanism, almost same transformation process happened as for both C-S-H materials. Based on the analysis of XRD and FTIR results, and previous studies [12, 18, 24, 37, 40] , the mechanisms of phosphate removal using C-S-H material are shown in Fig. 12 . This process would occur during the whole reaction process. Meanwhile, CaHPO 4 (s) could be easily transformed into more stable compounds, such as Ca 3 (PO 4 ) 2 (K sp = 1.2·10 -29 ), in the amorphous state under the pH of higher than 9. On the other hand, although hydroxyapatite (HAP) has a low solubility (K sp = 6.8·10 -37 ), these two compounds including CaHPO 4 and Ca 3 (PO 4 ) 2 did not undergo transformation into more stable hydroxyapatite at the initial reaction. After sorption for 24 h, hydroxyapatite was obviously observed in XRD patterns. During this time, the sorption amount of P only increased a little. Previous studies [37] showed that [Ca
2+ aggregates could be formed at the initial stage of nucleation of Ca-P i in aqueous solution. This aggregate was possible to bind to the negatively-charged C-S-H, forming Ca-P i -silicate ion aggregate. From FTIR results, there was almost no stretching vibrations of Si-O appeared in the solid residue collected after sorption for 24 h. It could be known that almost all of the silicon had been released into solution. Thus, the removal mechanism should be as follow: phosphate ion was firstly immobilized by binding with Ca 2+ and forming aggregates and it gradually corroded the structure of C-S-Hs. Eventually, hydroxyapatite was formed after the C-S-H structure was totally destroyed.
Conclusions
Two kinds of calcium silicate hydrates (C-S-Hs) were synthesized from the desilication liquid of coal fly ashwith the fixed Ca/Si ratio of 1.2, and characterized by XRD, SEM, FTIR, TG-DTA as well as surface area and pore analysis. The results indicate that C-S-H synthesized at room temperature has a larger surface area and less impurities. Taking the infrastructure cost and energy consumption into consideration, C-S-H synthesis by agitation at room temperature should be a promising method to produce C-S-H materials from desilication liquid of coal fly ash. Both C-S-H materials have good ability to immobilize phosphorus in wastewater. Furthermore, the specific mechanisms of phosphate immobilization include several steps: phosphate ion was firstly immobilized by binding with Ca 2+ and forming aggregates, and it gradually corroded the structure of C-S-Hs. Eventually, hydroxyapatite was formed after the C-S-H structure was totally destroyed. In the present study, we used the pure chemicals of P as the simulated pollutants to complete the sorption tests. However, real wastewater always contains many other anions or cations which definitely influence the P removal process using C-S-H. Next plan will be conducted to explore the effect of competitive ions on the P removal process by C-S-H materials.
